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DnaK is essential for starvation-induced resistance to heat, oxidation, and reductive division in Escherichia
coli. Studies reported here indicate that DnaK is also required for starvation-induced osmotolerance, catalase
activity, and the production of the RpoS-controlled Dps (PexB) protein. Because these dnaK mutant phenotypes
closely resemble those of rpoS (s38) mutants, the relationship between DnaK and RpoS was evaluated directly
during growth and starvation at 30°C in strains with genetically altered DnaK content. A starvation-specific
effect of DnaK on RpoS abundance was observed. During carbon starvation, DnaK deficiency reduced RpoS
levels threefold, while DnaK excess increased RpoS levels nearly twofold. Complementation of the dnaK
mutation restored starvation-induced RpoS levels to normal. RpoS deficiency had no effect on the cellular
concentration of DnaK, revealing an epistatic relationship between DnaK and RpoS. Protein half-life studies
conducted at the onset of starvation indicate that DnaK deficiency significantly destabilized RpoS. RpoH (s32)
suppressors of the dnaK mutant with restored levels of RpoS and dnaK rpoS double mutants were used to show
that DnaK plays both an independent and an RpoS-dependent role in starvation-induced thermotolerance. The
results suggest that DnaK coordinates sigma factor levels in glucose-starved E. coli.
Starvation of Escherichia coli for carbon results in a near-
immediate halt in cell division and the establishment of a
dormant- or stationary-phase state (3, 35, 36). This state is
distinguished from the preceding growth period by a unique
physiological resistance to otherwise lethal stresses (13, 25, 52),
reflecting the coordinate expression of stationary phase-spe-
cific genes. The response to carbon starvation is physiologically
unlike that to deprivation of other nutrients, such as nitrogen
or phosphorus. Carbon-starved cells rapidly readjust their rate
of cell division and cease growth, whereas cells starved for
other nutrients, such as nitrogen or phosphorus, respond slug-
gishly (12, 62). Carbon starvation therefore represents an ef-
ficient method for studying the stationary phase and also likely
mimics common oligotrophic environmental conditions con-
fronting other bacterial species (43). Regardless of which stim-
ulus precipitates stationary phase, many common features
characterize such nongrowing or dormant cells. Consequently,
the high-cell-density stationary phase observed in rich unde-
fined media is commonly employed for studies on stationary-
phase gene expression and genetics (reviewed in references 17
and 20).
When carbon for growth is limited, protein synthesis largely
stops and cell survival and persistence rest on the integrity of
protein synthesized at an earlier, prestarvation time. Mainte-
nance of protein structure during growth is determined largely
by the activity of protein chaperones, many of which are ATP-
dependent enzymes such as DnaK (16, 37). This enzyme pro-
motes structural rearrangements in proteins and can be stim-
ulated by the cochaperones, DnaJ and GrpE. In growing cells,
loss of DnaK results in temperature-restricted division and
defective expression of heat shock proteins (6, 7). Starvation
protein synthesis is also defective in a dnaK mutant (59). Such
defects may underlie the observation that DnaK deficiency
mitigates starvation-induced physiological readjustments, par-
ticularly starvation-induced resistance to heat, oxidation, and
reductive division (52). Interestingly, these particular dnaK
mutant phenotypes are possessed by rpoS mutants (19, 21, 30,
38, 54). Though a clear role for DnaK in the stationary phase
is evident from studies on DnaK deficiency, an excess of this
chaperone elicits additional physiological alterations which are
again evident only in stationary-phase cells. Overproduction of
DnaK is specifically bactericidal in the stationary phase, and
this toxicity can be partially ameliorated by cooverproduction
of DnaJ (2). The basis of this effect is as yet unclear, though
suppressor analysis of stationary-phase DnaK toxicity has led
to the recovery of multicopy genes which overcome this effect.
One of these has been identified as edd and encodes the first
committed enzyme of the Entner-Doudoroff pathway for hex-
ose catabolism (53). Inactivation of this gene by the insertion
of a stop codon prevented suppression and suggests a role for
this pathway in stationary-phase metabolism.
The RpoS sigma factor controls expression of a diversity of
genes, many of which are critical in the stationary phase (20,
33). Specific examples particularly notable because of their
role in starvation-induced physiological alterations include
katE, encoding catalase HPII (23, 34), and dps (1), also called
pexB (31), encoding a small histone-like nonspecific DNA
binding protein. However, additional genes involved in osmo-
tolerant growth (22) and low-temperature growth (58) are now
also known to be controlled by RpoS. Such observations ex-
pand the role of RpoS beyond the stationary phase. Increased
expression of stationary-phase RpoS-regulated genes requires
an increase in the abundance of RpoS. Such changes reflect
alterations in rpoS expression at the level of transcription ini-
tiation, translation elongation, and posttranslational events re-
sulting in increased RpoS stability (29, 39, 61). Variation in the
allelic state of rssB/sprE indicates that this locus acts as an
unlinked negative regulator of RpoS abundance in the expo-
nential phase (45, 51). RpoS abundance during growth also
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depends in part on the ClpX/P heat shock proteins (56) as well
as on the absolute temperature of cultivation (58). Since heat
shock of growing cells elicits an increase in the abundance of
RpoS, a role for additional regulatory factors of RpoS abun-
dance appears likely (26).
To better understand the significance of the apparent sta-
tionary-phase phenotypic overlap between dnaK and rpoS mu-
tants, a dnaK null mutant (49) as well as an otherwise isogenic
wild-type and rpoS null mutant strains were analyzed for ad-
ditional rpoS-like defects. We report here that the dnaK mu-
tant has several of the same phenotypes as rpoS mutants, which
result from an apparent defect in RpoS metabolism. Conse-
quently, these findings suggest that DnaK plays only an indirect
role in the starvation response. While these studies were under
way, a role for DnaK in modulating RpoS levels during heat
shock was reported (44). The physiological significance of this
observation, however, was not apparent. In addition, it was
reported that DnaK deficiency elevated exponential-phase
RpoS levels sixfold while decreasing carbon starvation-induced
levels only slightly. The physiological significance of these re-
sults was not examined. These findings contrast with results
obtained with rpoS::lacZ fusions which indicate that RpoS is
significantly destabilized during growth and starvation by a
mutation in dnaK (44). Failure of an rpoH missense mutant
(sidB1) to suppress the dnaK mutant’s effects on RpoS were
interpreted as evidence for the exclusion of a role for other
heat shock proteins such as ClpP/X from this process. To
resolve the interplay between DnaK and RpoS in starvation-
related phenotypes, we used additional rpoH mutant alleles
and a dnaK rpoS double mutant to study this process. The
results solve apparent discrepancies and indicate that dnaK
plays two roles in starvation-related phenotypes; one is medi-
ated through RpoS, and the other controls the physiological
status of starving cells in an rpoS-independent manner.
MATERIALS AND METHODS
Bacterial strains, plasmids, and cell cultivation. E. coli strains, plasmids, and
phages used in this study are listed in Table 1. Plasmid isolation and subcloning
procedures were performed as described previously (2). The pBN15 plasmid-
bearing derivative of PBL501, strain PBL504, was constructed by transformation
at 30°C. The Dps-producing plasmid pBN49 was constructed by subcloning an
8-kb BamHI-HindIII fragment containing the entire dps gene from phage l-205
(27) into pACYC184 (9) previously digested with BamHI and HindIII. Phage l
and phage P1 were grown as described previously (4). Strain PBL502 was con-
structed by generalized transduction with phage P1vir grown on AMS150 (Table
1), which contained a transposon Tn10 insertion in rpoS (katF13::Tn10; 34) to
transduce PBL500 to tetracycline resistance. The rpoS deletion strain, PBL503,
was constructed by transposon-mediated deletion formation as described previ-
ously (5). The extent of the rpoS deletion was mapped by analyzing genes
flanking rpoS, including mutS (61.5 min) for the counterclockwise direction and
cysC (61.85) for the clockwise direction. The insertion site of the Tn10 in rpoS
was identified previously in the 59 end of the rpoS coding region at base 196 (24).
Deletion of the 39 end of the rpoS gene was indicated by the apparent loss of
mutS (10). PBL503, containing the mutS deletion, had a forward mutation rate
to streptomycin resistance of 1.14 3 1027 compared to 3.5 3 1029 for the
otherwise isogenic wild-type parent strain, PBL502. The rpoS deletion did not
extend as far as cysC, as PBL503 remained prototrophic. The rpoS deletion is
designated DmutS-rpoS458.
RpoH suppressors of the DdnaK52 mutation were isolated as described pre-
viously (6). Three independent and spontaneous isolates were mapped by phage
P1 transduction and shown to be 50% linked to zhh-21::Tn10. Complementation
analysis with the rpoH expression plasmid, pDS2 (18), was used to verify that the
mutations were in rpoH. pDS2 restored both the filamentous cell morphology
and the reduced viability in all three isolates, characteristic of DnaK deficiency
during growth in LB medium (6). To evaluate the starvation-related phenotypes
of these rpoH suppressors in otherwise wild-type backgrounds, the DdnaK52
mutation in rpoH suppressor 1 was removed by phage P1 cotransduction with the
linked insertion, thr-34::Tn10, generating PBL713, and complemented by trans-
formation with plasmid pBN15 (pPtac::dnaK1J1 lacI1 bla1), generating PBL711.
Cell densities of cultures were monitored spectrophotometrically at a wave-
length of 600 nm. All cultures were incubated at 30°C in M9 minimal medium
(42) containing 0.05% (wt/vol) glucose and shaken at 150 rpm with 1-liter
Erlenmeyer flasks in shaking water baths (model G76; New Brunswick). dnaK
mutants have been reported to accrue spontaneous mutations during prolonged
incubation on a solid medium (6). Care therefore was taken to avoid such events
during studies of the unsuppressed dnaK mutant through the use of freshly
streaked plates. LB plates were used to determine viable cell counts as described
TABLE 1. Strains, plasmids, and phages used in this study
Name Genotype Source
Strains
AMS150 katF13::Tn10 38
CAG18442 thr-34::Tn10 57
CAG18638 zhh-21::Tn10 57
DH5a f80dlacZDM15 D(lacZYA-argF)U169 deoR recA1
endA1 hsdR17 (rK
2 mK
1) supE44 thi-1 gyrA69
Laboratory stock
PBL500 lacZ::Tn5 lacIQ1 52
PBL501 PBL500; DdnaK52::Cmr 52
PBL502 PBL500; rpoS-13::Tn10 P1vir(AMS150) 3 PBL500 to tetracycline resistance
PBL503 PBL500; DmutS-rpoS458 A tetracycline-sensitive derivative of PBL502
PBL504 PBL501/pBN15 This work
PBL505 DH5a/pBN49 This work
PBL603 PBL500; rpoS13::Tn10 DdnaK52::Cmr P1vir(pBN15/PBL501) 3 PBL502 to chloramphenicol resistance
PBL622 PBL501; rpoH-1 This work
PBL623 PBL501; rpoH-2 This work
PBL624 PBL501; rpoH-3 This work
PBL711 PBL622/pBN15 This work
PBL713 PBL622; dnaK1 This work
Plasmids
pBN15 Ptac::dnaK
1J1 lacI1 bla1 52
pBN49 dps1 8-kb BamHI-HindIII fragment from l-205 subcloned into
pACYC184
pACYC184 Tetr Cmr Laboratory stock
pDS2 Ptac::rpoH
1 bla1 18
Phages
P1vir Laboratory stock
l-205 27
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previously (52). Chloramphenicol and tetracycline were added at final concen-
trations of 25 mg/ml, kanamycin was added at 75 mg/ml, and ampicillin and
streptomycin were added at 100 mg/ml. All cultures were maintained in expo-
nential-phase growth by repeated subculturing for a minimum of 10 generations
prior to collection of the first exponential-phase sample.
Salt tolerance measurements were performed after 1 day of glucose starvation
by adding dry sodium chloride powder, with stirring to a final concentration of
2.5 M. The cultures were then maintained with gentle agitation at 30°C for the
duration of the experiment. The number of viable cells per milliliter was deter-
mined by plating diluted culture samples onto LB plates in duplicate.
Dps protein purification and antibody production. A 1-liter culture of strain
PBL505, incubated for 5 days at 37°C with shaking in LB medium containing
chloramphenicol, was centrifuged for 10 min at 6,000 rpm at 4°C. The remainder
of the purification was performed as previously described (1). Briefly, the cell
pellet was lysed by passage through a French pressure cell, and the resulting
lysate was clarified by ultracentrifugation and fractionated by ammonium sulfate
precipitation. The sample was applied to a Sephadex G-200 column, and Dps was
recovered in the void volume. The protein was precipitated again with ammo-
nium sulfate and resuspended in a high-salt buffer. The sample was then applied
to a Sepharose 6B column, and Dps-containing fractions were recovered and
applied to a DNA-cellulose column. Dps was eluted from the column with a
linear sodium chloride gradient in which Dps eluted at 200 mM sodium chloride.
Purity of the Dps fractions was determined by Coomassie blue R-250 staining.
Anti-Dps polyclonal antibodies were produced by injection of 100 mg of the
purified Dps protein into a New Zealand White rabbit, followed by booster shots
of equivalent amounts of antigen at two 2-week intervals. Serum was collected
after an additional 2 weeks and purified by precipitation with acetone powders as
described previously (2) with wild-type exponential-phase cell extracts. Antibod-
ies were purified by affinity chromatography with protein A-Sepharose as de-
scribed previously (28).
Catalase assays. The catalase assays were performed by placing 1 ml of cell
culture into a prewarmed (30°C), stirred oxygen electrode (Rank Brothers). The
cell culture was equilibrated at 30°C for 1 min prior to the addition of hydrogen
peroxide to a final concentration of 100 mM. A computer was attached to the
oxygen electrode for data collection, and sample readings were made at a rate of
three times per second. Oxygen production was measured for a minimum of one
min, and the amount produced was calculated as described previously (14).
Differential rates of enzyme synthesis were determined as described previously
(50, 55). Variation in catalase activity between replicates was less than 4%.
In vivo labeling of proteins and immunoprecipitation. GroEL heat shock
induction ratios were determined as described previously (8). To determine the
half-life of RpoS at the onset of starvation, cells were grown in M9 medium
containing 0.05% glucose. After reaching the onset of starvation, the culture was
labeled with 35S-Translabel (1,000 Ci/mmol; ICN) at 20 mCi of culture per ml for
1 min at 30°C. The sample was chased with 10 mM (each) nonradioactive
methionine and cysteine for 20 s at 30°C. Samples consisting of 3.0 3 109 cells
were then removed, and protein was precipitated by the addition of ice-cold 50%
(wt/vol) trichloroacetic acid (TCA) and kept on ice for 30 min. The precipitated
protein was removed by centrifugation at 13,000 3 g for 10 min, and the pellet
was washed successively with ice-cold solutions of 10% (wt/vol) TCA, 5% (wt/
vol) TCA, and 100% acetone. The samples were then dried and resuspended in
0.5 ml of PBS-D (20 mM sodium phosphate, 150 mM sodium chloride [pH 7.4],
1% [vol/vol] Triton X-100, 1% [wt/vol] sodium deoxycholate, and 0.1% [wt/vol]
sodium dodecyl sulfate [SDS]). Insoluble protein was removed by centrifugation
at 13,000 3 g for 10 min. RpoS was immunoprecipitated by the addition of 25 ml
of anti-RpoS monoclonal antibody ascitic fluid (1RS1) (47), and the samples
were incubated for 2 h at 4°C, with gentle agitation. The antigen-antibody
complex was removed by the addition of protein A-Sepharose 4B (Sigma) with
350 mg of protein A per reaction and incubated for 3 h at 4°C with gentle
agitation. Samples were then centrifuged at 13,000 3 g for 10 min, and the pellet
was washed three times in PBS-D. The washed pellets were resuspended in 33 ml
in a solution containing 250 mM Tris-HCl (pH 6.8), 2% SDS, 0.75 M 2-mer-
captoethanol, 10% glycerol and boiled for 10 min, and 3.3 ml was removed to
determine radioactivity. Bromphenol blue was added to the remaining sample to
a final concentration of 20 mg/ml prior to analysis by SDS-polyacrylamide gel
electrophoresis (PAGE). Proteins were detected by autoradiography with Kodak
XAR film.
SDS-PAGE and Western blot analysis. To quantitate total RpoS levels by
Western blot analysis, cells from cultures grown at 30°C were concentrated by
centrifugation at 13,000 3 g, and the resulting cell pellets were resuspended in
25 mM Tris-HCl–40 mM glycine (pH 6.8). Samples were removed to determine
protein concentrations by the bicinchoninic acid protein assay (Pierce). The
remaining sample was adjusted to 250 mM Tris-HCl (pH 6.8), 2% SDS, 0.75 M
2-mercaptoethanol, 10% glycerol, 20 mg of bromphenol blue per ml, boiled for
10 min, and frozen at 220°C for later use.
Proteins were resolved by SDS-PAGE, with 9% (wt/vol) acrylamide separating
gels and 10% (wt/vol) acrylamide stacking gels, as described previously (15), with
prestained low-molecular-weight markers (Bio-Rad). Western blots were pre-
pared essentially as described previously (15). Western blots were processed and
developed with the ECL reagent system according to the manufacturer’s proto-
col (Amersham). Western blots were probed with a 1:1,000 dilution of the
anti-RpoS antibody 1RS1 (47) and then a 1:1,000 dilution of sheep anti-mouse
horseradish peroxidase conjugate (GibcoBRL). As a reference to normalize
development of all Western blots for RpoS content, 111 ng of protein of strain
PBL504 following 2 h of starvation was included as an internal standard. RpoS
signal intensity was linear within the range of detection as determined by regres-
sion analysis of PBL504 extracts (r2 5 0.99) analyzed in amounts of 0.111, 0.333,
1.0, 3.0, and 9.0 mg of protein. Chemiluminescence was detected by exposing
Kodak XAR film. Exposed films were analyzed by densitometry with a GDS7500
densitometer and gel base/gel blot software (Ultraviolet Products).
Detection of Dps by Western blot analysis was performed as described above
with the following two exceptions; proteins were resolved by SDS-PAGE, 14.5%
(wt/vol) acrylamide separating gels and 10% (wt/vol) acrylamide stacking gels,
and purified Dps was included in all blots as an internal standard for normal-
ization of results. Detection of DnaK by Western blot analysis was performed as
described previously (2).
RESULTS
Growth of the dnaK mutant. Strains containing the DdnaK52
mutation can be readily cultured at 30°C. However, even at this
reduced temperature, this strain continues to exhibit a reduced
growth rate and a filamentous morphology in exponential
phase (6, 7). To minimize the possible contribution of growth-
related dnaK mutant defects on the starvation response, addi-
tional growth conditions which overcame these phenotypes
were identified. We have demonstrated previously that the
filamentous phenotype is suppressed during growth in a de-
fined medium (52). In addition, more-gentle culture agitation
overcame the defect in growth rate. Excessive agitation of the
cultures (240 rpm) decreased the specific growth rate (k 5
0.28) and final cell densities (1.5 3 108 CFU/ml) of the dnaK
mutant cells relative to those of an otherwise isogenic wild-type
strain. Consequently, the results presented here utilized the
slower agitation rate of 150 rpm. At this rate of agitation, all
strains examined had identical specific growth rates (k 5 0.693)
and cell densities (3.0 3 108 CFU/ml) at the onset of starva-
tion. Stationary phase was elicited by depletion of growth-
limiting levels of glucose. Twenty-four hours after the onset of
starvation, the variation in cell numbers between the wild type
and the mutant strains was less than 15%.
Starvation-induced catalase activity in dnaK and rpoS mu-
tant strains. Levels of catalase increase in the stationary phase
and result from elevated expression of katE (46). Catalase was
therefore examined as an additional indicator of the cellular
response to starvation in the dnaK mutant strain. Catalase-
specific activity was similar among the four strains during
growth (Fig. 1A, arrows 1 through 6). Differential rates of
catalase synthesis produced during exponential phase were 9.4
nanoatoms of O/min/mg of protein for the wild-type strain, 8.8
for the dnaK mutant strain, 8.8 for the rpoS mutant strain, and
9.4 for the complemented dnaK mutant strain. In stationary
phase, the wild-type and complemented dnaK mutant strains
exhibited increased levels of catalase activity reaching 35 nano-
atoms of O/min/mg of protein (Fig. 1A). However, the catalase
activity of the dnaK and rpoS mutants did not increase in
response to starvation and instead remained at prestarvation
levels. By 4 h after the onset of starvation, the wild-type strain
had 3.5-fold more catalase activity than the rpoS or dnaK
mutant strains. The increased catalase activity in these strains
remained evident even after 24 h in stationary phase.
Starvation responses of dnaK and rpoS mutant strains to
sodium chloride exposure. dnaK mutants are sensitive to so-
dium chloride exposure in exponential phase (41), while rpoS
mutants are sensitive to this stress in the stationary phase (38).
However, the response of the dnaK mutant to this challenge in
the stationary phase was unknown. To examine this question,
the wild type, the otherwise isogenic dnaK mutant, the rpoS
mutant, and the complemented dnaK mutant were subjected to
24 h of starvation and then exposed to 2.5 M sodium chloride.
The cultures were then incubated further, with continued star-
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vation, and periodically sampled to determine the number of
viable cells (Fig. 1B). The wild-type and complemented dnaK
mutant strains retained greater than 50% viability over a 24-h
period. However, the viability of the dnaK and rpoS mutant
strains decreased to less than 0.01% of untreated controls at
nearly identical rates of 4.2%/h. These results indicate that
DnaK is required for starvation-induced osmotolerance.
Levels of the rpoS-dependent protein, Dps, in starving dnaK
mutants. The results of the sodium chloride tolerance and
catalase activity experiments suggested that there may be a
more direct link between DnaK and RpoS in starving cells. To
explore this possibility further, expression of an RpoS-depen-
dent gene was examined. The dps gene (1, 31) encodes a
19-kDa DNA binding protein whose induction in stationary
phase requires rpoS. Cell extracts derived from wild-type, dnaK
mutant, and dnaK-complemented cultures in the exponential
phase, at the onset of starvation, and at times thereafter were
examined for levels of the Dps protein with anti-Dps poly-
clonal antibodies (Fig. 1C). Dps was readily detected after 2 h
following the onset of starvation in the wild-type strain (Fig.
1C, blot a, lane 4) and in the complemented dnaK mutant (Fig.
1C, blot c, lane 4) and increased to maximal levels by 24 h (lane
6). However, Dps was undetectable in the dnaK mutant even
24 h after the onset of starvation (Fig. 1C, blot b, lane 6).
Accumulation of RpoS in a dnaK mutant strain. One mech-
anism to explain the phenotypic overlap between dnaK and
rpoS mutants is that DnaK deficiency results in a reduction in
RpoS activity or concentration and therefore reduces RpoS-
dependent gene expression. This possibility was examined by
measuring levels of RpoS in the wild-type strain (Fig. 2A), the
dnaK mutant strain (Fig. 2B), and the complemented dnaK
mutant strain (Fig. 2C) by Western blot analysis with an RpoS-
specific monoclonal antibody. Levels of RpoS during exponen-
tial phase in the dnaK mutant strain, when adjusted for total
protein, were equal to the otherwise isogenic wild-type strain.
In response to starvation, RpoS levels increased 10-fold in the
wild-type strain, while in the dnaK mutant strain, rpoS levels
increased slightly but overall remained at a lower level. At the
onset of starvation in the dnaK mutant strain, RpoS levels were
3.5-fold lower than the levels in the wild-type strain (Fig. 2D).
Interestingly, in the complemented dnaK mutant strain, RpoS
levels were nearly twofold higher than those in the wild-type
strain (Fig. 2D). This last result is consistent with an increase
in levels of DnaK which occurs in that strain in stationary
phase, resulting from elevated expression from the plasmid-
encoded Ptac promoter (2). Western blot analysis indicated
that at the time of the maximal increase in RpoS abundance,
DnaK levels were fourfold greater than in the wild-type strain
(data not shown). Twenty-four hours after the onset of starva-
tion, the level of RpoS in the wild-type and the complemented
dnaK mutant strains decreased by 33 and 50%, respectively;
however, no change in RpoS levels was observed in the dnaK
mutant strain.
The exponential-phase RpoS levels observed in the dnaK
mutant were not elevated relative to those of the otherwise
isogenic wild-type strain, in contrast to a previous report (44).
In addition, the reduction in starvation-induced RpoS levels
reported here was significantly more pronounced (threefold
versus 40%) than reported previously. To resolve these differ-
ences, the consequence of more-rapid culture agitation on
RpoS levels in the dnaK mutant was examined (Fig. 3). Dupli-
cate cultures of the wild type (PBL500) and the dnaK mutant
(PBL501) were sampled periodically for RpoS determination,
and then one of each of the duplicate cultures was shifted to a
more rapid rate of agitation. RpoS levels increased rapidly
upon the shift in the dnaK mutant but not in the wild-type
strain, indicating that this condition imposes some sort of
RpoS-inducing stress. This result is consistent with the reduc-
tion in growth exhibited by the dnaK mutant and likely explains
why RpoS levels were highly induced in a dnaK mutant strain
in a previous study (44).
FIG. 1. Catalase activity, salt tolerance, and Dps/PexB levels during growth
and starvation in wild-type and dnaK mutant strains. (A) Catalase activity of
exponential-phase and glucose-starved cells. The strains are PBL500 (wild type;
circles), PBL501 (DdnaK52; squares), PBL504 (DdnaK52/pPtac::dnaK1J1; trian-
gles), and PBL503 (DmutS-rpoS458; inverted triangles). Cell densities were as
follows: 0.1 (arrow 1), 0.15 (arrow 2), 0.2 (arrow 3), 0.25 (arrow 4), 0.4 (arrow 5),
0.6 starvation onset (arrow 6), 2 h after onset (arrow 7), 4 h after onset (arrow
8), and 24 h after onset (arrow 9). The onset of starvation is indicated (closed
arrow). The values shown are the averages of three replicates. (B) Salt tolerance
in glucose-starved cells. Cultures were examined following 24 h of carbon star-
vation for resistance to killing by exposure to 2.5 M sodium chloride for the times
indicated. The strains are indicated as for panel A. (C) Levels of Dps/PexB. The
strains used were PBL500 (wild type) (a), PBL501 (DdnaK52) (b), and PBL504
(DdnaK52/pPtac::dnaK1J1) (c). Western blots were probed with anti-Dps poly-
clonal antisera. Lanes: 1 and 2, exponential growth (A, arrows 1 and 4); 3, onset
of starvation (arrow 6); 4, 2 h after starvation onset (arrow 7); 5, 4 h after onset
(arrow 8); 6, 24 h after onset (arrow 9); and 7, purified Dps protein standard.
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Role of RpoS in levels of the DnaK protein. Since RpoS
affects the synthesis of many proteins, levels of DnaK were
examined in an rpoS mutant to better define the epistatic
relationship between these genes. DnaK levels were examined
in the wild-type strain and in the rpoS mutant during exponen-
tial growth and in response to starvation. Western blot analysis
with the anti-DnaK monoclonal antibody 2G5 (28) indicated
that the levels of DnaK were not significantly affected by RpoS
deficiency either during growth or in response to carbon star-
vation (data not shown). A starvation-induced, twofold in-
crease in DnaK levels was evident in both strains in compari-
sons between levels produced during exponential growth and
those produced 24 h after the onset of glucose starvation.
RpoS stability in a dnaK mutant strain. Reduced RpoS
accumulation in the starving dnaK mutant strain could reflect
defects in either RpoS stability and/or synthesis. To look for
DnaK-dependent changes in RpoS protein turnover, the half-
life of RpoS was determined. The onset of starvation was
selected for analysis because a large difference in RpoS levels
was evident in comparisons between the wild type and the
dnaK mutant (Fig. 2D). At the onset of starvation, cultures
were transiently radiolabeled and RpoS was recovered by im-
munoprecipitation at specific times thereafter. The immuno-
precipitates were analyzed by SDS-PAGE, and the resulting
autoradiograms (Fig. 4A) were quantitated (Fig. 4B). In the
wild-type strain (Fig. 4A, lanes 1 through 4), RpoS remained
fully stable for the duration of the experiment (30 min), while
in the dnaK mutant, the half-life of RpoS was approximately 20
min (Fig. 4A, lanes 5 through 8). No protein was detectable
when identical procedures were performed on the rpoS dele-
tion mutant PBL503 (Fig. 4A, lane 9). These results indicate
that DnaK deficiency reduces starvation-induced accumulation
of RpoS by enhancing RpoS turnover.
RpoH (s32) suppressors restore a subset of starvation-in-
duced responses. To better understand the relationship be-
tween DnaK and RpoS in regulation of the starvation response
to carbon deprivation, dnaK mutant suppressors which had
restored wild-type levels of RpoS were isolated (Fig. 5A). An
internal control consisting of extracts of PBL504 obtained fol-
lowing 2 h of glucose starvation was included in each blot to
normalize absolute amounts of RpoS. The rpoH suppressor
mutants were recovered as papillae after prolonged incubation
on solid medium (6, 8). The use of such strains circumvents
RpoS effects on the starvation response, which might otherwise
FIG. 2. Accumulation of RpoS in exponential- and stationary-phase wild-
type and dnaK mutant cells. Western blots of total cell extracts of PBL500 (wild
type) (A), PBL501 (DdnaK52) (B), and PBL504 (DdnaK52/pPtac::dnaK1J1) (C)
probed with anti-RpoS monoclonal antisera. Lanes: 1 to 5, exponential phase
(Fig. 1A, arrows 1 through 5); 6, onset of starvation; 7, 2 h after onset; 8, 4 h after
onset; 9, 24 h after onset; 10, PBL503 (DmutS-rpoS458) 2 h after onset. (D)
Densitometric analysis of the bands shown in panels A through C. Symbols:
circles, PBL500; squares, PBL501; triangles, PBL504. Five micrograms of protein
was loaded per lane. Blots were developed to achieve equivalent band intensity
of a constant amount of an RpoS-containing extract (PBL504, lanes not shown).
Signal intensity was linear within the range of detection as determined by re-
gression analysis of PBL504 extracts (r2 5 0.99). The onset of glucose starvation
is indicated by the arrow.
FIG. 3. Induction of RpoS levels by increased culture agitation in a dnaK
mutant. (A) Western blot of samples. Odd-numbered lanes, PBL500 (wild type);
even-numbered lanes, PBL501 (DdnaK52). In lanes 1, 2, 5, 6, 9, 10, 13, 14, 17, and
18, cultures were only agitated slowly. In lanes 3, 4, 7, 8, 11, 12, 15, 16, 19, and
20, cultures were agitated slowly and then rapidly. Cell densities at an optical
density at 600 nm were 0.1 (lanes 1 through 4), 0.2 (lanes 5 through 8), 0.3 (lanes
9 through 12), 0.4 (lanes 13 through 16), and 2 h after the onset of starvation
(lanes 17 through 20). (B) Levels of RpoS determined from the data shown in
panel A. Values are normalized to the levels in the wild-type strain at early
exponential phase (optical density at 600 nm [ODA600 5 0.1). Open bars, wild
type, slow agitation; closed bars, DdnaK52, slow agitation; stippled bars, wild
type, shifted agitation; hatched bars, DdnaK52, shifted agitation.
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obscure the role of DnaK. Several such mutants were isolated
in the DdnaK52 PBL501 background and are designated rpoH
suppressors—1, 2, or 3. They were mapped by phage P1 co-
transduction with linked transposon insertions. To verify their
identity further, plasmid pDS2 (18), encoding a Ptac::rpoH
gene, was used to complement the suppressor isolates. Such
suppressors exhibit a defective heat shock response and can be
categorized by the severity of this defect (8). Only those alleles
which exhibit no heat shock response at all fail to grow at
43.5°C on solid medium (8). Additional Western blot analysis
of these three rpoH suppressor alleles with anti-Dps polyclonal
antibodies revealed that levels of Dps were restored to wild-
type levels in the dnaK mutant strains containing the rpoH
suppressors (Fig. 5B). Starvation-induced levels of catalase
production were also restored to wild-type levels in the three
suppressor isolates (data not shown). As the restoration of
RpoS levels and rpoS-regulated gene expression in the dnaK
mutant strain by the rpoH-1 to rpoH-3 suppressors was in
apparent contradiction to a previous report (44), the possible
allelic difference between these suppressor mutations was ex-
amined. The rpoH-1 mutation was selected as a representative
and analyzed for heat shock protein induction during heat
shock and for growth at elevated temperature (Table 2). The
rpoH-1 mutant fails to induce GroEL synthesis following a
temperature shift from 30 to 42°C or to form colonies at
43.5°C. It is therefore a stronger suppressor of the dnaK mu-
tation than the allele (sidB1) used previously (8, 44). Taken
together, the results presented here and those previously de-
scribed (44) support the idea that at least some of the effects of
the dnaK mutation on starvation-related processes are the re-
sult of effects on RpoS mediated by other heat shock proteins.
In addition, an rpoS dnaK double mutant starved for 24 h
exhibited sensitivity to sodium chloride treatment equivalent to
that of mutants containing single mutations in either gene
alone, suggesting that the role of dnaK in starvation-induced
osmotolerance is mediated entirely through RpoS.
An independent role for DnaK in starvation thermotoler-
ance. Examination of the thermotolerance of these strains in-
dicates that DnaK and RpoS play important but distinct roles
in starvation-induced resistance to heating. Elimination of ei-
ther dnaK or rpoS in strains which are otherwise isogenic re-
sults in severe thermal killing of glucose-starved cells (Fig. 6,
open squares and triangles). Wild-type cells, however, exhib-
ited only slight reductions in viable counts for the duration of
the 45-min treatment (Fig. 6, open circles). Interestingly,
MC4100 (44) is 15-fold more sensitive to heat killing than the
wild-type strain (PBL500) used in the present studies (data not
shown). All three of the rpoH dnaK mutant suppressor strains
exhibited only partial restoration of thermotolerance relative
to that of their unsuppressed but otherwise isogenic dnaK
mutant parent (Fig. 6, open inverted triangles, hexagons, and
diamonds). Thus, these strains remained highly thermosensi-
tive upon starvation for glucose. To test the possibility that
continued thermosensitivity results directly from the rpoH mu-
tation, the rpoH mutation in rpoH suppressor 1 was evaluated
in a dnaK1 background. Two strain derivatives were con-
structed, PBL713, in which a wild-type allele of dnaK was
introduced by transduction, and PBL711, which contained a
plasmid-encoded wild-type dnaK allele. Examination of the
FIG. 4. RpoS stability at the onset of starvation in wild-type and dnaK mu-
tant cells. (A) Autoradiograms of RpoS immunoprecipitates. Lanes: 1 through 4,
PBL500 (wild type); 5 through 8, PBL501 (DdnaK52); 9, PBL503 (DmutS-
rpoS458). Lanes and the duration of the methionine chase, respectively, were as
follows: 1, 5 and 9, 0 min; 2 and 6, 10 min; 3 and 7, 20 min; and 4 and 8, 30 min.
(B) Densitometric analysis of the bands shown in panel A. Symbols: circles,
PBL500 (wild type); squares, PBL501 (DdnaK52). Values given are relative to
time 0.
FIG. 5. Western blot analysis of levels of RpoS and Dps during growth and
starvation in wild-type, dnaK, rpoS, and rpoH suppressor strains. (A) Levels of
RpoS. Western blot of cell extracts during growth (a) and 24 h after the onset of
glucose starvation (b). Blots were probed with anti-RpoS monoclonal antibody.
Lanes: 1, PBL500 (wild type); 2, PBL501 (DdnaK52); 3, PBL503 (DmutS-
rpoS458); 4, PBL622 (DdnaK52 rpoH-1); 5, PBL623 (DdnaK52 rpoH-2); 6,
PBL624 (DdnaK52 rpoH-3); 7, PBL504 (DdnaK52/pPtac::dnaK1 J1) cell extracts
from 2 h after the onset of starvation in both panels. (B) Levels of Dps. Western
blot of cell extracts during growth (a) and after 24 h of glucose starvation (b).
Blots were probed with anti-Dps polyclonal antibodies. Lanes are as indicated for
panel A, except that lane 7 contains purified Dps protein standard.
TABLE 2. Characterization of the rpoH-1 mutant allele
Strain (genotype) GroEL inductiona Growth at 43.5°Cb
PBL500 (wild type) 10 1
PBL501 (DdnaK52) 2 2
PBL622 (DdnaK52 rpoH-1) 1 2
PBL713 (rpoH-1) 1 2
a The values indicated represent the ratio of GroEL protein produced after 5
min of exposure to 42°C relative to the amount present in cells grown at 30°C
prior to the imposition of heat. GroEL levels were determined by densitometry
of autoradiograms of 35S-pulse-labeled proteins fractionated by SDS-PAGE.
b Growth was determined by the ability of each strain to form single colonies
on rich-medium plates. 1, growth; 2, no growth.
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starvation-induced thermosensitivity of these strains (Fig. 6,
closed circles and closed squares) indicated that the rpoH mu-
tation did not result in thermosensitivity following glucose star-
vation. Since RpoS levels are restored in the original rpoH
suppressor strains, and expression of RpoS-dependent path-
ways such as Dps and catalase synthesis is normal, continued
thermosensitivity of the rpoH dnaK double mutants indicates
that DnaK is directly required for starvation thermotolerance.
If two distinct pathways for starvation thermotolerance are
present, one dependent upon RpoS and the other on DnaK,
then a dnaK rpoS double mutant should exhibit greater heat
killing than either single-mutant strain alone. Analysis of the
thermotolerance of such a strain (Fig. 6, closed triangles) in-
dicated that loss of both genes resulted in significantly greater
killing than that observed in the absence of either gene alone.
These results indicate that DnaK plays a distinct and RpoS-
independent role in starvation thermotolerance.
DISCUSSION
The studies reported here focus on the role of DnaK in a
stationary phase produced by starvation for carbon. Care was
taken to minimize high cell densities in batch cultures through
the use of minimal quantities of the limiting nutrient, glucose.
Such measures represent an effort to mimic the physiological
state confronted by bacteria in natural environments where
high cell density conditions are generally thought less likely
(43).
The dnaK mutant phenotypes observed in stationary phase
result at least in part from a deficiency in the sigma factor
RpoS. The reduction in stationary-phase RpoS levels (about
threefold) is sufficient to preclude expression of the rpoS-de-
pendent gene, dps (pexB), and therefore possibly other rpoS-
dependent genes, such as those involved in mediating resis-
tance to hydrogen peroxide, heat, and sodium chloride excess.
This change in RpoS abundance parallels that seen during heat
stress administered to growing cells, which is sufficient for
changes in RpoS-dependent gene expression (26). A 10-fold
increase in RpoS levels over those observed in exponentially
growing cells was detected following the onset of starvation in
the wild-type strain, PBL500, at 30°C. This is an increase of
approximately twofold over those seen previously at 37°C (29,
56) and is consistent with other reports indicating that station-
ary-phase expression of rpoS is elevated at reduced cultivation
temperatures (58). Thus, the pleiotropic spectrum of effects
resulting from RpoS deficiency in the dnaK mutant strain of-
fers some explanation for the apparent phenotypic overlap
between dnaK and rpoS mutants.
The RpoS-related effects which result from DnaK deficiency
are stationary phase specific. RpoS levels appear otherwise
normal during exponential-phase growth under the condi-
tions used. Growth conditions were employed to minimize
certain dnaK mutant phenotypes. It has been reported that the
DdnaK52 mutation results in a reduced growth rate (k 5 0.28)
compared to that of the wild type (k 5 0.69) at 30°C (6). We
also observed this phenomenon when the DdnaK52 mutant was
agitated at 200 rpm or greater. In addition, RpoS levels are
highly induced by this treatment (44), obscuring subsequent
effects resulting from starvation. However, at agitation rates of
150 rpm or less, growth rates were equal to the otherwise
isogenic wild-type strain. Growth at 30°C also was employed to
avoid the dnaK mutant heat-sensitive growth phenotype (49).
Protein half-life measurements indicated that in the dnaK
mutant, RpoS stability was reduced. These results suggest that
DnaK somehow stabilizes RpoS in response to carbon starva-
tion. Interestingly, overproduction of DnaK resulting from
starvation-mediated derepression of a plasmid-encoded dnaK
gene elevated stationary-phase RpoS levels nearly twofold
above those in otherwise isogenic wild-type cells. Thus, varia-
tion in DnaK abundance results in corresponding changes in
the stationary-phase levels of RpoS. Though such changes in
RpoS levels were elicited by artificial manipulation of dnaK
expression, DnaK levels do increase severalfold in wild-type
cells upon carbon starvation as shown here and previously (52).
Thus, DnaK may play a crucial role in adjusting stationary-
phase RpoS levels in response to carbon starvation.
Overproduction of DnaK is selectively toxic in stationary-
phase cells (2). This bactericidal effect was used as the basis of
a selection to recover multicopy plasmid suppressors to better
understand the toxicity of chaperone excess (53). Identification
of these suppressors, such as 6-phosphogluconate dehydratase,
may now be explained in part by the observations presented
here. Activity of 6-phosphogluconate dehydratase is elevated
in the stationary phase (32), while the next enzyme in this
pathway, 2-keto-3-deoxy-6-phosphogluconate aldolase, is also
increased in stationary phase (48). Perhaps elevated levels of
6-phosphogluconate dehydratase overcome deleterious levels
of other enzymes precipitated by DnaK-mediated increases in
RpoS by redirecting carbon flux through alternative routes in
this pathway.
The results presented here indicate that DnaK controls the
levels of the RpoS sigma factor. Since DnaK also controls the
levels of the RpoH sigma factor (11), these results indicate that
DnaK may coordinate the levels of multiple sigma factors in E.
coli. A mechanism for such coordination mediated by a single
protein has until now been lacking. However, it would seem
critical for the maintenance of balanced gene expression dur-
FIG. 6. Thermotolerance of glucose-starved wild-type, dnaK, rpoS, and rpoH
suppressor strains. Cultures were examined following 24 h of starvation for
resistance to killing by exposure to 51°C for the times indicated. The strains were
as follows: PBL500 (wild type; open circles), PBL501 (DdnaK52; open triangles),
PBL503 (DmutS-rpoS458; open squares), PBL603 (DdnaK52 rpoS13::Tn10;
closed triangles), PBL622 (DdnaK52 rpoH-1; open diamonds), PBL623
(DdnaK52 rpoH-2; open hexagons), PBL624 (DdnaK52 rpoH-3; open inverted
triangles), PBL713 (dnaK1 transductant of PBL622; closed circles), and PBL711
(PBL622/pPtac::dnaK1J1; closed inverted triangles).
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ing changing environmental conditions, such as those accom-
panying starvation.
It is at present unclear how DnaK might affect RpoS stabil-
ity, though direct and/or indirect mechanisms may be opera-
tive. Deficiency of the heat shock protease, ClpX/P, elevates
RpoS levels 3.2-fold during exponential-phase growth and 1.7-
fold in response to starvation (56). Since starvation increases
ClpX/P by 1.5-fold (56), inactivation or blockage of ClpX/P
may be required for the starvation-induced increase in RpoS
abundance. The epistatic relationship between ClpX/P and
RssB further indicates a direct role for ClpX/P in RpoS abun-
dance (51). Thus, the role of DnaK in RpoS stability might be
mediated indirectly by altering levels of ClpX/P or RssB. Al-
ternatively, as a direct interaction between DnaK and the heat
shock sigma factor RpoH has been reported (40), physical
contact between DnaK and RpoS also appears plausible.
RpoH levels are elevated in dnaK mutant strains (60); there-
fore, compensatory mutations which reduce but do not destroy
RpoH activity are selected during prolonged storage on plates
(6–8). Such rpoH mutant strains were isolated and studied here
to probe the relationship between DnaK and RpoS. These
rpoH dnaK double-mutant strains exhibit normal levels of
RpoS, suggesting that the effect of the dnaK mutation on RpoS
abundance is RpoH linked, perhaps through ClpX/P. Resto-
ration of RpoS levels was accompanied by recovery of catalase
and induction of Dps starvation, suggesting that at least these
two starvation responses operate in an RpoS-dependent fash-
ion. DnaK apparently indirectly alters their expression by vary-
ing levels of RpoS. Starvation-induced thermotolerance was,
however, still defective in the rpoH dnaK mutant strains but
normal in dnaK1 rpoH derivatives. This result suggests that
DnaK plays a distinct and RpoS-independent role in starva-
tion-induced thermotolerance. However, the relative contribu-
tions of the two proteins to the response appear quite unequal,
suggesting that their actions during the development of the
thermotolerant state are mechanistically unrelated.
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